Introduction
The present study focuses on the v-myc avian myelocytomatotsis viral oncogene homolog (c-myc) gene and its involvement in alcohol addiction and potentially other forms of substance abuse. Alcoholism combines the elements of both mental illness and physical disease (brain deterioration) and it is classified as a substance abuse disorder in the Diagnostic and Statistical Manual of Mental Disorders (DSM-V). Mental and emotional symptoms of alcoholism exist long before the physical complications of the disease appear. The mental symptoms consist of loss of control (taking in larger amounts of alcohol over a longer period of time than the person intends); continued drinking in spite of adverse social, occupational, or legal consequences; and frequent intoxication. These are behavioral or mental symptoms, which, unless treated, could lead to physical complications of alcoholism that include cancer [1] [2] [3] [4] , cardiovascular disease [5] , anemia [6, 7] and cirrhosis [8, 9] . A previous study has shown that c-Myc protein is increased in the prefrontal cortex postmortem tissues of chronic alcoholics [10] . There are no further studies that examine what effects alcoholism plays on the expression of c-Myc protein in the brain. Therefore, it is important to further examine how c-Myc protein expression is regulated during alcohol abuse and how genetic predisposition to alcoholism might affect this.
Both acute and chronic alcohol consumption leads to costly healthcare treatments and preventable deaths. It is estimated that alcohol-related expenses cost federal, state, and local governments $223.5 billion. In spite of many efforts including therapies, detoxification and rehabilitation, alcoholism caused 88,000 deaths per year, approximately 2.5 million years of potential life lost (YPLL) each year between the years 2006-2010 in the United States [11] . Twenty-five chronic diseases in the International Classification of Disease (ICD)-10 have been completely ascribed to alcohol. Alcohol use disorders play roles in certain cancers, psychiatric conditions, and numerous cardiovascular and digestive diseases. Furthermore, alcohol use disorders have damaging effects leading to diabetes, stroke and heart disease, depending on the overall volume of alcohol consumed [12] [13] [14] .
The c-myc gene localizes to human chromosome 8q24 and contains three exons [15, 16] . Posttranslational modification of c-Myc protein has been studied at length [17, 18] . Phosphorylation of cMyc protein at residues threonine 58 (T58) and serine 62 (S62) can regulate c-Myc protein stability [18] . Phosphorylation of S62 transiently increases stability of c-Myc while phosphorylation of T58 triggers de-phosphorylation of S62 leading to ubiquitin-induced proteasomal degradation of the protein. As a transcription factor, c-Myc forms a heterodimer with Max protein, which is then translocated to the nucleus where it binds to target sites to activate genes [19] [20] [21] . p21 (CIP1/WAF1) is a potent cyclin-dependent kinase inhibitor (CDKI) that binds to and inhibits the activity of cylcin dependent kinase (CDK) 4/6 complexes [22] [23] [24] . It functions as a regulator of cell cycle progression at G 1 and S phase. In CV1 cells, a direct interaction between c-Myc and p21 leads to inactivation of p21 and progression of the cell cycle. Also, p21 represses the transcriptional activity of c-Myc by inhibiting formation of the c-Myc/Max heterodimer [25] .
c-myc is one of the most widely studied proto-oncogenes, and it is the best characterized member of the myc gene family. In general, c-myc expression is associated with cell proliferation and is down-regulated in quiescent and differentiated cells. c-Myc protein expression has been sparsely studied in brain in relation to alcohol abuse but has been studied in liver disease from alcoholism [26] . Liver regeneration is important in the recovery from various forms of liver injury. The inhibition of liver regeneration from chronic ethanol exposure in humans may be an important factor in the pathogenesis of liver disease. Wen et al. found that hepatic osteopontin (OPN) protein levels were significantly elevated in wild-type (WT) mice after partial hepatectomy (PHx). Compared to WT mice, OPN knockout (KO) mice showed delayed liver regeneration after PHx and in these mice c-myc, was also suppressed post-PHx compared to WT mice [27] . Another study done by Radaeva et al. showed that microarray analysis of primary human hepatocytes show that IFN-alpha (possible hepatocellular carcinoma therapy) decreased c-myc gene expression by 50% [28] . These studies suggest that liver damage induces c-Myc gene and protein expression in the liver and affects the ability of the liver to regenerate. Alcohol abuse also damages the liver which can lead to an increase in c-Myc expression.
Effects of alcohol exposure on c-Myc protein levels in the liver have been reported [26, 27, 29] . In the context of alcohol exposure, cMyc might also play a role in brain dysfunction. Postmortem tissues have shown c-Myc protein expression in the superior frontal cortex of chronic alcoholics is significantly higher compared to non-or social drinkers. Levels of ␤-Catenin, an upstream target of c-Myc, was also significantly higher in chronic alcoholics [10] . Aside from this study there has been little research done to determine the effect that alcohol exposure or genetic predisposition to alcoholism has on c-Myc expression in the brain.
A genetic predisposition or genetic susceptibility is a genetic characteristic that influences the possible phenotypic development towards a particular disease. Research has shown that genes are responsible for about half of the risk for alcoholism. Multiple genes can contribute to the risk for developing alcoholism. Mice genetically predisposed to a low ethanol withdrawal response are also often predisposed to high ethanol consumption and vice versa [30] .
SOT and NOT mouse lines were derived from C57BL/6J (B6) and DBA/2J (D2) inbred mouse strains by selective breeding for both drinking and withdrawal. Consumption was measured using a standard two-bottle choice paradigm (10% ethanol vs water, continuous access) and withdrawal was measured using handling-induced convulsions (HICs) following injection [31] . SOT mice were selected for high drinking and low withdrawal phenotype while the NOT mice were selected for a low drinking, high withdrawal phenotype. We hypothesize that mice with a genetic predisposition to higher alcohol consumption (SOT) will have higher levels of c-Myc protein in the amygdala and hypothalamus compared to the lower alcohol consumption mice (NOT).
Chronic drinking can have adverse effects on the nervous system causing dependence on alcohol. Withdrawal from alcohol can lead to alcohol withdrawal syndrome (AWS) [32] [33] [34] [35] . To mimic the effects of AWS in mice we obtained two mouse selected lines, withdrawal seizure prone (WSP) and the withdrawal seizure resistant (WSR), which were bi-directionally selectively bred, respectively, to have severe or mild ethanol withdrawal HICs after cessation of 3 days of ethanol vapor inhalation [36] . Thus, correlated traits that are seen to differ between WSP vs WSR mice, particularly when differences are seen in both replicates in the same direction, are assumed to be influenced by genes underlying ethanol withdrawal severity. WSP mice from both replicates also display greater HIC responses after withdrawal from acute ethanol than their corresponding WSR lines, which provides strong evidence for a genetic correlation between withdrawal severity from acute and chronic ethanol exposure. We hypothesize those mice which suffer from less severe alcohol withdrawal symptoms express more c-Myc protein in the amygdala and hypothalamus when compared to those mice that have more severe symptoms.
Genetic factors may influence who is at risk for developing addiction to methamphetamine (MA) abuse. Several genetic variants in humans have been identified and associated with MA abuse and dependence [37] . The heritability of MA drinking in mouse lines have been selectively bred for oral consumption of either high (MAHDR) or low (MALDR) amounts of MA [38, 39] . Selective breeding produced MAHDR lines that consume approximately 6 mg/kg of MA during an 18 h MA access period, compared to 0.5 mg/kg MA intake in MALDR mice [38, 39] . These two lines were used to determine if c-Myc protein is regulated by alcohol exposure or can be regulated by other substances of abuse. We hypothesize that c-Myc protein expression in the amygdala and hypothalamus of MAHDR mice are higher than c-Myc protein levels in MALDR mice.
In addition to lines selected for alcohol traits, specific genes have been implicated in the acute effects of alcohol exposure. In rats, the mGlu8 agonist (S)-3,4-dichlorophenylglycine ((S)-3,4-DCPG) suppressed alcohol self-administration as well as cue-induced reinstatement of alcohol-seeking behavior [40] . In this study the authors also observed decreased locomotor activity following selfadministration with (S)-3,4-DCPG. Furthermore, the gene GRM8, a metabotropic glutamate receptor, is significantly associated with alcohol dependence in European Americans [41] . In the brain, the amygdala might be particularly affected by acute alcohol exposure. When given placebos, people showed more activation to fearful than to neutral faces as measured by functional magnetic resonance imaging (fMRI) [42] . When people were given alcohol, there was no significant difference in activation between fearful and neutral faces, indicating that alcohol can blunt emotional processing in the amygdala [43] . We hypothesize that following alcohol exposure mGlu8 knockout mice will have higher c-Myc protein expression levels in the amygdala and hypothalamus than wildtype mice.
Non-human primates are genetically comparable to humans, sharing many anatomic, neurophysiological, and behavioral characteristics [44, 45] . One distinguishing feature that non-human primates and humans share is their brain structure and function, specifically expansion of the cerebral cortex, which enables complex cognitive processing and behavioral flexibility. Importantly, monkeys will voluntarily consume ethanol (EtOH) in levels and patterns of intake that closely parallel those observed in human alcoholics [46] . We used non-human primates to study the effect of chronic alcoholism on c-Myc protein in the brain. We hypothesize that long term alcohol exposure increases c-Myc protein in the amygdala and hypothalamus.
Chronic alcohol dependence is a complex condition that develops over many years and includes cycles of withdrawal, craving, and relapse. Chronic alcoholism is associated by structural brain damage that has been previously reported using neuropathological examinations, computed tomography (CT) and magnetic resonance imaging (MRI) [47] [48] [49] . In addition, chronic alcohol consumption results in reduction of thalamic volume [48] . The extended amygdala, particularly the bed nucleus of the stria terminalis have been shown to be affected by chronic alcohol exposure in nonhuman primates [50] .
In the current study we used five animal models that are pertinent to drugs of abuse. Three animal models involved mice that were selectively bred for alcohol or methamphetamine intake and/or withdrawal symptoms. The fourth animal model involved acute alcohol exposure to wild-type mice and mice deficient in mGlu8. The fifth animal model involved a non-human primate model of chronic alcohol consumption. Protein levels of c-Myc were measured in pertinent brain regions and were increased in animal models that are genetically predisposed and in models that have been treated with acute and chronic alcohol exposure.
Materials and methods

Animals
Housing
Mice were maintained in a temperature-controlled room with 12:12 h light:dark cycle (lights on at 0600) with free access to standard chow and water. Mice were group housed with up to 5 animals per cage. Animals were fed standard chow, except during breeding (when dietary fat was increased to 9%, Purina 5008, PMI Nutrition International, Brentwood, MO, USA). Water was available freely. All experiments were performed in accordance with the National Institutes of Health guidelines for the care and use of laboratory animals and were approved by the OHSU and Portland VA Medical Center's Institutional Animal Care and Use Committees.
SOT/NOT line (n = 10 mice for each line)
Mice were sacrificed between the ages of 10 and 14 weeks of age and were alcohol naïve. For the SOT line, in each generation, animals with the greatest drinking values and lowest withdrawal scores were used to select breeders to perpetuate the SOT line. Also, animals with the lowest drinking values and the greatest withdrawal severity scores were used to perpetuate the NOT line [31] .
WSP/WSR line (n = 8 mice for each line)
These selected lines and the MAHDR and MALDR lines described below were bred in the Portland VA Veterinary Medical Unit. All mice were between 7 and 14 weeks. For the WSP and WSR lines, mice presenting two independent selection replicates (WSP1, WSP2, WSR1, and WSR2) could be used as they are part of an ongoing breeding and selection effort in the laboratory of Dr Crabbe. Two weeks before the start of an experiment, mice were transferred to a procedure room with the same environmental conditions and group housed with same-sex littermates of three mice per cage. At the time of euthanasia all mice were naïve for alcohol.
MAHDR/MALDR line (n = 8 mice for each line)
A F 1 cross between B6 and D2 mice yielded a B6D2F2 generation for methamphetamine drinking selection. The F 2 generation was tested for voluntary methamphetamine consumption using a two-bottle choice paradigm. Inbreeding was prohibited by restricting brother/sister mating, avoiding mating of mice with common grandparents and limiting the selection to four generations. All mice used in this study were aged 7 and 9 weeks at the start of testing. Mice were weaned at age 20-22 days and thereafter grouphoused with same-sex littermates in groups of two to five mice. At the time of euthanasia all mice were naïve for methamphetamine.
2.1.5. mGlu8 KO line and wild-type mice (n = 10 mice for each line)
Mice were treated between the ages of 20 and 21 weeks of age. All tests were carried out between 0900 and 1000 h. Mice were treated with 2.5 g/kg EtOH, 1 mg/kg methamphetamine, or saline via intraperitoneal (IP) injection for one hour and killed by cervical dislocation and hypothalamic and amygdala tissues were dissected one hour after exposure.
2.1.6. Non-human primate tissues (n = 7 drinking animals, 3 non-drinking animals)
All non-human primates in this study were approximately 5 years old at the beginning of alcohol self-administration [51] . Animals self-administered alcohol (n = 7 animals) or an isocaloric sweetened solution (n = 3 animals) under operant conditions previously described [52] . All animals were healthy and treatment-naïve prior to entering the studies. No medications were administered to block or prevent reinstatement of ethanol. Only medications related to clinical care were administered. All procedures were approved by the Institutional Animal Care and Use Committees (IACUC) of Wake Forest School of Medicine (WFSM).
Materials
Primary antibodies, c-Myc (sc-764), p21 (sc-397) and GAPDH (sc-365062), were purchased from Santa Cruz (Dallas, TX). T58 pc-Myc (ab28842) primary antibody was purchased from Abcam (Cambridge, MA). Both horseradish peroxidase-conjugated donkey anti-rabbit (sc-2004) and donkey anti-mouse antibodies (sc-2005) were from Santa Cruz. Ripa lysis buffer (R0278) was purchased from Sigma Aldrich (St. Louis, MO) and contained protease inhibitors (LC5925) purchased from Roche Diagnostics (Indianapolis, IN). Prestained protein ladder (NP0007) and 4X loading dye (LC5925) was purchased from Novex (Grand Island, NY). The MicroBCA protein assay kit was purchased from Thermo Scientific (Waltham, MA).
Methods
Western blot analysis
Amygdala and hypothalamus nonhuman primate and mouse tissues and hippocampal tissues of the MA drinking selected lines were homogenized in RIPA lysis buffer [0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40, 150 mM NaCl, 50 mM Tris pH 8.0] containing the phosphatase inhibitor sodium vanadate [NaV, 1 mM]. Protein lysates were extracted by centrifugation and protein concentrations were calculated using the MicroBCA protein assay. Equal amounts of protein were separated on sodium dodecyl sulfate polyacrylamide (4-12% SDS-PAGE) gradient gels and transferred to a polyvinylidene difluoride (PVDF) membrane. Membrane blots were then blocked in tris-buffered saline and tween 20 (TBST) [1X TBS, 0.1% Tween 20] containing 5% bovine serum albumin (BSA). The membranes were then incubated with primary antibody diluted (see table below for antibody dilutions) in TBST containing 1% bovine serum albumin (BSA) overnight at 4 • C. Membranes were then washed in TBST [3 × 10 min] before being incubated in secondary antibody [1:10000 dilution] for one hour. Membranes were incubated in enhanced chemiluminescence (ECL) reagent before being exposed to CL-XPosure Film to detect protein changes. We used both Actin and GAPDH antibodies as a loading control to ensure that potential changes in target proteins were not do to user error. Fig. 1 is a representative example of Western blot analysis done on the MALDR and MAHDR animal models (Fig. 1) .
Antibody
Company Fig. 1 . c-Myc protein in mice with genetic predisposition to methamphetamine abuse. Representative Western blot analysis of c-Myc protein in hypothalamic tissues of methamphetamine low drinking (MALDR) and methamphetamine high drinking (MAHDR) mice that were selectively bred and methamphetamine naïve.
Statistical analyses
For quantitation of Western blot analysis, two-way analysis of variance was performed using the Graphpad Prism program (La Jolla, CA) to detect differences between treatment groups. F tests and P values are reported for each experiment. A P value <0.05 was considered statistically significant. Each experiment was repeated at least three times. A representative blot is shown along with quantification.
Results
c-Myc protein levels in the amygdala increased in animals that have genetic predisposition to increased alcohol consumption
We first determined whether genetic predisposition affects cMyc protein levels in the brain. Phosphorylated levels of c-Myc (T58) were significantly lower in the amygdala of SOT mice ([F(1, 8) = 7.467, p < 0.05] between strains) ( Fig. 2A) . More c-Myc protein was observed in the amygdala of SOT mice when compared to NOT mice ([F(1, 8) = 28.17, p < 0.05] between strains) (Fig. 2B) . p21 protein was not changed in the amygdala or hypothalamus of SOT tissues when compared to NOT tissues indicating that c-Myc protein is increased but it doesn't affect downstream targets (Fig. 2C ).
c-Myc protein activation in the hypothalamus increased in animals that have predisposition to withdrawal symptoms
In the hypothalamus, we observed a significant decrease in T58 phosphorylated c-Myc protein in WSR mice when compared to WSP mice ([F(1, 20) = 5.146, p < 0.05] between strains) (Fig. 3A) . In contrast to the hypothalamus, there were no significant changes in T58 phosphorylated c-Myc in the amygdala between WSP and WSR mice. Unlike T58 phosphorylated c-Myc protein, there was no change in total c-Myc protein in either the hypothalamus or amygdala when we compared WSP mice to WSR mice (Fig. 3B) . However, we did observe significant decreases in p21 protein in the hypothalamus of WSR when compared to WSP mice ([F(1, 20) = 17.65, p < 0.05] between strains) (Fig. 3C ). There were no significant changes in p21 protein in the amygdala between the two lines. Although c-Myc protein is not changed between the two lines, these data together suggest that predisposition to severe alcohol withdrawal symptoms leads to increases in c-Myc protein activation (phosphorylation) as well as downstream targets.
c-Myc protein levels in the hypothalamus increased in mice that have genetic predisposition to methamphetamine abuse
To determine if the increase in c-Myc levels were specific for alcohol-related traits, c-Myc levels were analyzed in the hypothalamus and hippocampus of mice selectively bred for high or low methamphetamine intake in a two-bottle choice MA drinking. Mice that had a genetic predisposition to drink more methamphetamine (MAHDR) had higher levels of hypothalamic c-Myc than mice that were genetically bred to drink lower levels of methamphetamine (MALDR) ([F(1, 22) = 20.51, p < 0.05] between strains) (Fig. 4) . In contrast, there was no difference in c-Myc levels in hippocampus tissues in these lines (Fig. 4). 3.4. c-Myc protein in the amygdala and the hypothalamus increased following acute alcohol exposure in mGlu8 KO and wild-type mice
We first determined the effects of acute alcohol intraperitoneal injection (IP) (2.5 g/kg) on c-Myc protein levels in wildtype mice. Phosphorylated (T58) c-Myc protein expression was decreased in amygdala tissues following alcohol treatment ([F(1,6) = 12.48, p < 0.05]between treatment groups) (Fig. 5A ). There were no significant changes seen in the hypothalamus. We were also only able to observe increased levels of total c-Myc in the amygdala in wildtype mice ([F(1,6) = 6.507), p < 0.05] between treatment groups). In contrast to wildtype mice, phosphorylated levels of c-Myc protein were decreased in the hypothalamus ([F(1,6) = 13.97), p < 0.05] between treatment groups) and total c-Myc levels were increased in the amygdala and hypothalamus of mGlu8 KO mice treated with ethanol when compared to genotype-matched mice treated with saline ([F(1,6) = 26.14), p < 0.05] between treatment groups) (Fig. 5B) . p21 protein was significantly decreased in mGlu8KO mice in both the amygdala and hypothalamus following ethanol IP injection ([F(1,8) = 107.1, p < 0.05] between treatment groups) (Fig. 5C ). These data support an important role for mGlu8 in the hypothalamus in c-Myc expression following alcohol exposure. In order to determine if c-Myc protein is uniquely regulated by alcohol we treated mGlu8KO mice by IP injection with methamphetamine (1 mg/kg). c-Myc protein expression in the amygdala of mGlu8 KO mice were also increased following methamphetamine exposure ([F(1,8) = 8.621), p < 0.05] between treatment groups) (Fig. 5D) .We did not observe any significant changes in c-Myc protein in the hypothalamus of mGlu8KO mice or in the amygdala of wildtype mice as observed in mice injected with alcohol. Thus, the increase in c-Myc protein levels is not specific for acute alcohol injections in the amygdala of mGlu8KO mice as it is seen following acute methamphetamine injections as well.
Chronic alcohol drinking increases c-Myc protein in the hypothalamic tissues of non-human primates
To measure the effect of chronic drinking on c-Myc protein expression in the brain we studied male vervet monkeys that were given free access to an isocaloric maltose dextrin solution (control) and water or 4% ethanol and water for 22hr/day for 442 days. Phosphorylated (T58) c-Myc levels were not changed in monkeys that were exposed to ethanol (Fig. 6A) . Though there were no changes in phosphorylated c-Myc protein we did detect an increase in total c-Myc protein in the hypothalamus of ethanol-exposed primates ([F(1,16) = 15.93, p < 0.05] versus control treated animals) (Fig. 6B) . The levels of p21 protein were also lower in hypothalamic tissues of animals that were given free access to alcohol than controls ([F(1,16) = 4.711, p < 0.05] versus control treated animals) (Fig. 6C) . Of the seven alcohol-drinking monkeys, five were classified as low drinking, one was categorized as high drinking and one was determined to be a binge drinker. The two monkeys that were categorized as high and binge drinkers also had the highest c-Myc protein expression and are noted as open circles (Fig. 7A) . When c-Myc protein expression was analyzed in relation to the interval of time between last drink of ethanol and tissue collection, there 
Table 1
Summary of the effect of ethanol on c-Myc and p21 protein in the brain.
was an increase in c-Myc with a longer interval until approximately 127 min post drinking. Following intervals longer than 127 min, cMyc protein levels fell with the exception of the monkey that was classified as a binge drinker who showed higher c-Myc levels and is also expressed as an open circle (Fig. 7B ).
Discussion
To our knowledge, this is the first study that defines the effect of alcohol exposure and predisposition to alcoholism has on c-Myc protein in the brain. We have provided a table to summarize the effects of alcohol on c-Myc and p21 protein in the amygdala and hypothalamus ( Table 1 ). The causes that lead to predisposition to alcohol dependence remain largely unknown. One major risk factor for developing alcohol abuse disorder is having a family history of alcoholism [53] . There has been research done to identify genes and biomarkers involved in alcoholism neuropathology. These markers reflect complex overlapping and competing effects of possibly hundreds of genes that impact brain structure, function, biochemical alcohol processing, sensitivity and risk for dependence. Here in this study we have shown that naïve mice with a genetic predisposition towards high dinking and low withdrawal from alcohol (SOT) exhibit higher expression levels of c-Myc protein in the amygdala when compared to the mice (NOT) that have been genetically bred to have lower drinking and higher withdrawal symptoms from alcohol. SOT mice have also been selectively bred to exhibit lower withdrawal symptoms. It is possible that similar mechanisms that cause an increase in c-Myc protein in mice that have a genetic predisposition to alcohol may also play a role in withdrawal from alcohol. Based on our findings elevated c-Myc protein in the amygdala may lead to increased risk of dependence of alcohol. Based on our findings, decreased c-Myc protein in the amygdala of NOT mice may lead to increased risk of dependence of alcohol.
Since c-Myc protein expression was higher in SOT mice which were bred to have lower withdrawal symptoms, we further examined the role c-Myc protein plays in withdrawal from alcohol abuse. Alcohol withdrawal syndrome (AWS) is the name for the symptoms that occur when a heavy drinker stops or reduces their alcohol intake. With AWS, a person may experience a combination of physical and emotional symptoms, from mild anxiety and fatigue to nausea and seizures [54] . To mimic AWS in humans we used two different mouse models, WSP mice that are selectively bred to have severe ethanol withdrawal HICs after cessation of 3 days of ethanol vapor inhalation and WSR mice that have mild HICs after high ethanol inhalation [55] . We did not detect changes in total cMyc protein when we compared the WSP and WSR mice but we did observe higher T58 phosphorylated c-Myc protein expression in the hypothalamus of WSP mice when compared to WSR mice. We also observed a significant increase in the hypothalamus of the downstream target p21 when we compared WSR mice to WSP mice. Although there was no significant change in c-Myc protein between the two lines, the significant increase in the T58 phosphorylated cMyc suggests that the protein is being activated. No changes in total c-Myc protein while observing significant changes in p21 protein lends to the premise that the changes in p21 protein may be occurring through a different regulator. Anxiety is one of the early signs of withdrawal. Among the various limbic structures involved in emotional processing, the hypothalamus is thought to play a crucial role in modulating anxiety-related behaviors [56] . Alcohol exposure results in various neurochemical adaptations in the brain [57] and as a result of these adaptations, manifestation of withdrawal symptoms during abstinence [58] from alcohol occurs. One of these neuroadaptations that may occur during withdrawal symptoms is changes in c-Myc protein expression within the hypothalamus.
The effects of chronic alcohol consumption include malnutrition, chronic pancreatitis, alcoholic liver disease and cancer. In addition, damage to the central nervous system and peripheral nervous system can occur from chronic alcohol abuse. Previous research has shown that chronic alcohol abuse elevates c-Myc protein in the superior frontal cortex [10] . Alcohol can act as a stressor, activating the hypothalamic/pituitary/adrenocortical (HPA) axis, which combines a major component of the hormonal stress response [59] . Furthermore, chronic alcohol exposure and withdrawal not only produce agitations in the HPA axis but also causes neuroendocrine-independent (example: hypothalamic) brain stress systems that influence drinking behavior in a complex manner [60] . In this study, we showed that chronic daily drinking over the course of a year increases c-Myc protein in the hypothalamus of non-human primates. These non-human primates were given free access to alcohol and water and the primates that were classified as high and binge drinkers also had the highest average blood ethanol concentration. We also observed an increase in c-Myc protein in these primates when compared to the length of time before necropsy. It is possible that this increase is correlated to withdrawal symptoms as seen in our withdrawal model [WSP/WSR mice] (Fig. 3B) . This would explain why T58 phosphorylated c-Myc protein in both of these animal models was not changed following alcohol exposure. The binge drinking non-human primate did show higher total c-Myc protein levels past the point of withdrawal. The post-withdrawal decline in c-Myc protein may be ablated by binge drinking but not by high or low level drinking. During chronic drinking, c-Myc protein levels are elevated immediately following drinking and continue to remain high until withdrawal symptoms decline. c-Myc protein regulates cell proliferation as well as apoptosis which may impact neurogenesis. Adult neurogenesis is affected in many neurological and neurodegenerative diseases and alcohol abuse can result in a neurodegenerative condition called alcoholrelated brain damage. The exact mechanism linking chronic alcohol intoxication with alcohol-related brain damage remains largely unknown. Further studies need to be done to determine if it is possible that c-Myc mediates the effect that chronic alcohol abuse has on neurodegenerative diseases.
Acute alcohol intoxication is the result of a single event of excessive drinking. Ethanol accumulates in the body and the brain, causing central nervous system suppression after initial excitement. Clinical manifestations of acute alcohol intoxication are varied and involve different organs, with behavioral, cardiac, gastrointestinal, neurological, metabolic, and especially hepatic effects [61] [62] [63] [64] [65] . The brain is one of the major target organs of ethanol actions. To measure the effects of acute alcohol exposure on cMyc protein expression we used mGlu8 knockout mice compared to wildtype mice. mGlu8 knockout mice were used as a model because the GRM8 receptor significantly is associated with alcohol dependence in European Americans [41] . We observed a significant increase in c-Myc protein in the amygdala and hypothalamus of mGlu8 knockout mice following one-hour acute alcohol exposure. This significant increase was observed in the amygdala of wild-type mice but there was no change in c-Myc protein expression in the hypothalamus following acute alcohol exposure. This alcohol-induced increase in c-Myc protein in the hypothalamus of mGlu8 knockout mice but not in wild-type mice leads us to believe that the hypothalamus may be a brain area of interest in regard to acute alcohol exposure. We also observed increases to c-Myc protein expression in the hypothalamus of non-human primates that were chronically exposed to alcohol and in mice that had less pronounced withdrawal symptoms (WSR). It is possible that acute, chronic and withdrawal from alcohol exposure can activate the hypothalamic-pituitary-adrenocortical (HPA) axis, which creates a major component of the hormonal stress response [59] . Further studies need to be done to establish if this occurs within our animal models.
Drug abuse is a biological, pathological process that alters the way in which the pleasure center, as well as other parts of the brain, functions. To understand this process, it is necessary to examine the effects of substance abuse on different pathways within the brain. We not only observed an increase in c-Myc protein following alcohol exposure or genetic predisposition but we also detected similar increases in c-Myc protein expression following methamphetamine exposure and genetic predisposition to methamphetamine. Based on these results, the brain's response following exposure to substances of abuse might be to increase cell proliferation and neurogenesis and this response may not be limited to alcohol. Further studies are needed to determine the exact pathway in which substances of abuse increases c-Myc protein and the role that this protein may have on addictive behaviors.
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